The human oral microbiota is acquired early in an organized pattern, but the factors driving this 11 acquisition are not well understood. Microbial "heritability" could have far-reaching consequences for
12
health, yet no studies have specifically examined the fidelity with which the oral microbiota are passed 13 from parents to offspring. Some previous studies comparing monozygotic (MZ) and dizygotic (DZ) twins 14 had suggested that host genetics has a role in shaping oral microbial communities, and also identified so 15 called "heritable" taxa. However, these findings are likely to be confounded by shared environmental 16 factors resulting from the well-established greater behavioral similarity among MZ twins. In addition, MZ 17 and DZ twins share an equal portion of their parent's genome, and so this model is not informative for 18 studying direct parent to offspring transmission.
20
To specifically examine the contribution of genetics to the fidelity of transmission of bacteria from 21 parents to offspring, we used a novel study design comparing fraction of shared species and strains 22 between our genetically related group consisting of children and their biological mothers, with that of 23 children and their adoptive mothers, constituting our genetically unrelated group. Fifty-five biological and 24 50 adoptive mother-child pairs were recruited along with 23 biological fathers and 16 siblings. Subjects 25 were carefully selected to ensure the two groups were matched on child's age. Three distinct habitats 26 within the oral cavity: the saliva/soft tissue surface, supragingival biofilm, and subgingival biofilm, were 27 sampled to comprehensively profile the oral microbiome. Our recently developed strategy for subspecies 28 level characterization of bacterial communities by targeted sequencing of the ribosomal 16-23S intergenic 29 spacer region (ISR) was utilized in the present study to track strain sharing between subjects, in addition 30 to 16S rRNA gene sequencing for species analysis.
32
Results showed that oral bacterial community profiles of adoptive and biological mother-child pairs were 33 equally similar, indicating no effect of host genetics on the fidelity of transmission. This was consistent 34 3 at both species and strain level resolutions, and across all three habitats sampled. We also found that all 35 children more closely resembled their own mother as compared to unrelated women, suggesting that 36 contact and shared environment were the major factors shaping the oral microbiota. Individual analysis of 37 the most abundant species also did not detect any effect of host genetics on strain sharing between mother 38 and child. Mother-child strain similarity increased with the age of the child, ruling out early effects that 39 are lost over time. No effect on the fidelity of mother-child strain sharing from vaginal birth or breast 40 feeding was seen. Analysis of extended families showed that fathers and mothers were equally similar to 41 their children. Cohabitating couples showed even greater strain similarity than mother-child pairs, further 42 supporting the role of age, contact and shared environment as determinants of microbial similarity.
44
Based on these findings we suggest that the genetic effects on oral microbial acquisition observed in twin 45 studies are more likely the result of confounding environmental factors based on greater behavioral 46 similarity among MZ twins. Our findings suggest that these host mechanisms are universal to humans, 47 since no effect of genetic relatedness on fidelity of microbial transmission could be detected. Instead, our The last decade has seen rapid growth in understanding the role of the human microbiome in health and 55 disease. Foundational studies across multiple body sites have shown that the adult human microbiota 56 consists of a shared, limited set of niche-specific species 1,2 . Our previous work exploring the assembly of 57 oral microbiota from birth through the first year of life showed that the early childhood microbiota is 58 acquired in an ordered sequence, with common oral species shared between children and mothers 3 . At the 59 strain level, however, each individual harbors a highly personalized microbiota 4,5 . Role of intrinsic and 60 extrinsic factors in acquisition of this individualized microbiome are yet not well understood. Given that 61 strains have been found to be shared among family members 6 , a possible intrinsic factor influencing 62 microbiota acquisition could be host genetics shared between parent and offspring.
64
A number of previous investigations into the interactions of microbes and host genetics have compared 65 microbial communities of monozygotic (MZ) twins, and dizygotic (DZ) twins. Two of these studies have 66 shown the oral microbiota of MZ twins to be slightly more similar than that of DZ twins, suggesting that 67 host genetics influences microbial community composition 7,8 . These studies also identified taxa that are 68 more likely to be "heritable". Microbial "heritability" could have far-reaching consequences for health, 69 since the inheritance of a dysbiotic community could confer increased risk for diseases with a microbial 70 etiology. Yet no studies have specifically examined the fidelity with which the human oral microbiota are 71 passed from parents to offspring.
73
A major deterrent to studying the role of shared genetics in parent to child microbial transmission has 74 been the lack of a suitable case-control model. Both MZ and DZ twins share an equal portion of their 75 parent's genome and are therefore not informative for studying direct parent to offspring transmission. To 76 specifically examine the contribution of genetics to the fidelity with which microbial species and strains 77 are passed from parents to offspring, we used a novel study design comparing genetically related and 78 5 unrelated mother-child pairs. The fraction of shared species and strains between children and their 79 biological mothers, who share half of their genomes, was compared with that of children and their 80 adoptive mothers, who had no genetic relationship. Extensive metadata was collected to examine 81 potential confounders such as breastfeeding and birth mode. Given that humans share a core oral 82 microbiota at the species level 9 , subspecies or strain level techniques are required to accurately track 83 microbial transmission between individuals. We have developed a high-throughput strategy for sub-84 species/strain characterization of bacterial communities by targeting the ribosomal intergenic spacer 85 region (ISR), and this approach has revealed highly personalized profiles among adults 5 . We employed 86 this approach for sub-species analysis, along with 16S rRNA gene sequencing for species analysis.
87
Microbial community composition is known to vary among distinct niches within the oral cavity that are 88 important in oral disease. Therefore, to comprehensively profile the oral microbiota, we sampled three 89 distinct oral habitats -soft tissue and saliva, and both supragingival and subgingival plaque biofilm.
91
Using this multi-habitat, multi-resolution approach, we comprehensively profiled oral microbial 92 communities in parents and children. We detected no effect of genetic relationship on fidelity of 93 transmission at either the species or strain level, and no effect in any of the three biologically important 94 oral niches. Our findings suggest that contact and shared environment, not genetics, determine the 95 transmission of oral microbes. An extended dataset showing high similarity between spouses further 96 supported this observation. 97 6 METHODS 98 99 Inclusion/exclusion criteria, exam and sampling: Adoptive and biological mother-child dyads were 100 enrolled to allow determination of the effect of genetic relatedness on the fidelity of oral bacterial 101 transmission. IRB approval was obtained for this study, parents provided written consent and children 102 over 7 years of age provided assent. Adoptive mother-child dyads were recruited through adoption 103 agencies. The biological group was recruited to match the adoptive group on child's age, and parent's 104 socioeconomic status. Only children adopted immediately at birth and unrelated to the adoptive family 105 were included to minimize transmission of bacteria from the biological mother. Only genetic birth 106 mothers were included in the biological group, and fathers and siblings from this group were also sampled 107 when available. For both biological and adoptive groups, the minimum age for children was 3 months to 108 allow the establishment of an oral bacterial community, while twelve years of age was the maximum.
109
Exclusion criteria for all subjects were chronic disease affecting the oral cavity or immune system, and/or 110 early onset periodontitis.
112
Examination and history 113 A dental exam was conducted and recorded for both children and mothers that included caries, gingivitis, 114 periodontitis, and plaque levels. A medical and social history was also obtained, including breastfeeding 115 history and delivery mode. 
248

Adoptive Families
Biological Families Non-metric multidimensional scaling (NMDS) ordination using Bray-Curtis (BC) dissimilarities based on 249 community membership was used to compare all the mother and child samples, both at the species (16S) 250 and strain (ISR) levels (Figure 2) . Profiling strain-level communities showed greater separation between 251 the samples compared to species-level communities (Supplementary Figure S1) . Similarity between the microbial profiles of adoptive and biological mother-child pairs was quantified 261 using a distance-based approach. BC dissimilarities were computed for each mother-child pair based on 262 presence/absence of species/strain variants. This index ranges from 0-1, with samples having exactly 263 identical microbial communities scored at 0 and absolutely different communities scored at 1. We 264 compared the BC distances between mother-child at both species and strain levels (Figure 3) 
Strain Level
Species Level
17
We calculated the average number of species and strains shared between mother-child pairs for the soft 294 tissue/saliva samples (Figure 4) . Both adoptive and biological groups shared 44% of their microbiota at 295 species level, and 15% at strain level. As expected, the fraction of shared species was much higher than 296 fraction of shared strains, and unrelated mother-child pairs shared 4 times as many oral species as oral Extensive demographic and clinical data were collected for all subjects and examined to determine if any 309 of these variables significantly influenced mother-child dissimilarities. Targeted recruitment lead to close 310 matching of age, health factors, and socio-economic status between the biological and adopted children 311 (no significant differences). However, the following 9 potentially confounding factors for the mother-312 child dissimilarities were found to be significantly different between the two groups by Wilcoxon rank 313 sum or Fisher's exact test: child's feeding mode, child's gingivitis level, child's race, child's tongue 314 biofilm level, mother-child race match, mother's age, mother's plaque level, mother's tongue biofilm level 315 and mother's gingivitis level. To assess the confounding effect, a univariate regression analysis with 
320
However, the group variable remained nonsignificant even after adjusting for the confounding effect in 321 the multiple regression model, thereby ruling out any significant confounding effect on the mother-child 322 dissimilarities. Within the biological group neither feeding mode nor delivery mode had a significant 323 impact on mother-child distances for any niche (Supplementary Figure S3 ).
325
Extended family comparisons also fail to show influence of genetics
326
An extended dataset of the biologically related families that included fathers and siblings was analyzed to 327 further explore the relative contributions of genetics and shared environment. Comparisons of distance 328 between various related and unrelated pairs of subjects for the soft tissue/saliva dataset at strain level is 329 shown in Figure 5 . Cohabitating mother-father couples and sibling pairs showed the greatest oral 330 microbiota resemblance of any pairing examined, sharing significantly more strains than mother-child or 331 father-child pairs. Mothers and fathers were equally similar to their children, and both mother-and father-332 child pairs were significantly more similar than unrelated mother-and father-child pairings. Technical 333 20 replicates consisting of samples that were processed through the ISR pipeline in duplicates were highly 334 similar. Analysis of the extended family samples from the subgingival and supragingival dataset also 335 produced similar results (Supplementary Fig S4) . Taken together, these findings provide further 336 evidence that shared environment and contact, rather than genetic background, is the primary determinant 337 of microbial community structure. 
343
Dissimilarities between individuals were lowest among cohabitating couples and siblings, even compared 344 to child-mother and child-father. Children's oral microbiota were equally similar to their fathers as they 345 were to their mothers. Couples and siblings were more similar to themselves, compared to unrelated 346 adults and unrelated children, respectively. Technical replicates were highly similar to one another. Child's age is known to be a major determinant of oral microbiota composition, but targeted recruitment 351 allowed us to ensure that the child's ages in the adoptive and biologic group were balanced (Fig 6a) .
352
Since our results showed that the biological and adoptive children were equally similar to their mothers, 353 the two groups were combined and examined to determine if child's age had an effect on mother-child 354 dissimilarities. A total of 101 children were considered for this analysis, with an age range of 3 months to 355 6 years. Contrary to our hypothesis, we saw that younger children's microbial communities were less 356 similar to that of their mothers compared to older children (Fig 6b) . The strong negative association 357 between child's age and mother-child dissimilarities (Spearman correlation coefficient rho = -0.33, 358 p=0.002) lead us to further explore this relationship. We hypothesized that increasing overall diversity of 359 the oral microbial communities with age of the child may be responsible for increasing similarity of 360 children's microbiota to their mothers with age. Indeed, our results show that the Shannon Diversity 361 Index, a measure of alpha diversity, increased sharply during the early years, reaching levels comparable 362 to those of the mothers for most children by age 5 years (Fig 6c) . 
375
Strength and direction of associations were measured using Spearman's rank-order test. Scatter plots were 376 smoothed using the regression method LOESS fit. Analysis was based on strain level communities.
377
No influence of genetics seen for individual species
378
While considering the entire bacterial community as a whole did not show any effect of genetic kinship, 379 we wanted to explore whether individual species of bacteria showed differences in degree of strain 380 matching between biologic and adoptive mother-child pairs. Our extensive database of oral ISR 381 sequences allowed us to assign species level taxonomy to ISR-type strains, and a list of the most abundant 382 species, along with the number of strains identified for each, is shown in Supplementary Table ST1 . To 383 determine if fidelity of transmission varied for individual oral bacteria species, we compared the adoptive 384 and biologic mother-child dissimilarities from the saliva/soft tissue swab dataset for the ten most 385 abundant species in the saliva/soft tissue swab dataset (Figure 7) . No species showed any significant 386 difference between the adoptive and biologic groups, suggesting no differential heritability. 
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Adopted Biological Adopted Biological Adopted Biological Adopted Biological Adopted Biological investigate parent-to-child microbial transmission by using an adoptive vs biologic mother-child study 402 design. Only children adopted by a genetically unrelated family were included. The genetic distances 403 between African and northern European populations are among the greatest found in modern humans 18 , 404 and many of our adoptive dyads were composed of white mothers and African-American children, 405 providing maximum genetic distance between unrelated. Only children adopted at birth were included to 406 minimize contact with the birth mother's microbiota. Thus, our adoptive vs biologic study design allowed 407 us to directly explore the contribution of host genetics to acquisition of oral microbiota. We found no 408 measurable effect of genetic relatedness on how closely children's oral microbiota resembled that of their 409 mothers (Figure 2) . These results suggest an alternative interpretation for the findings of two twin-based 410 studies that have shown a small but significantly greater microbiota similarity between MZ than DZ 411 twins 19, 20 . What MZ twins do share to a greater extent than DZ twins and adopted siblings are important 412 environmental determinants such as greater social closeness and intimacy, more similar treatment from 413 others, and greater tacit coordination in choice making 21 . We suggest that the greater similarity of oral 414 microbial communities previously observed in MZ twins as compared to DZ twins may be mediated 415 through shared environmental factors and not a direct effect of genetically determined host factors.
417
Although little previous evidence is available at the strain level, studies at species level have provided 418 evidence that shared environment is important in shaping oral microbiota composition. In one of three 419 published oral microbiome twin studies 19,20,22 , MZ twin pairs were found to be no more similar than DZ 420 twin pairs, and they became less similar when they no longer cohabited 22 . Kissing couples were observed 421 to share highly similar tongue dorsum microbial communities 23 , and shared household was more 422 important than genetic relationship in a dataset from an extended family 24 . Another study found that 423 27 household members, particularly couples, shared more of their microbiota than individuals from different 424 households 25 . While these studies did not resolve microbial communities at strain level, and thus did not 425 provide sufficient resolution to track transmission, they support our finding that shared environment and 426 direct contact are the drivers of microbial community structure.
428
Findings from pairings within our extended biological family dataset that included fathers and siblings 429 further supported the importance of environment over genetics in determining oral microbial community 430 composition (Figure 5) . The pairings that showed the greatest similarity were sibling pairs and married 431 couples, and they were equally similar despite the difference in genetic relatedness. Parent-child pairings 432 were less similar than spouses or siblings, again pointing to degree of contact and age-related factors as 433 environmental determinants of microbial similarity.
435
Common biologic features of mother-child relationship have been previously investigated and have been 436 found to have some effect on microbial communities at the species level 26, 27 . We saw no effect on the 437 fidelity of mother-child strain sharing from vaginal birth or breast feeding (Supplementary Fig S4) . We 438 also observed that mother-child similarity was greater in older children ( Figure 6 ). In addition, father-439 child oral microbiota matched just as closely as that of mothers and children (Figure 5 ). Together these 440 observations suggest that any impact of breast feeding or delivery mode on oral strain sharing is 441 negligible relative to other environmental factors.
443
Subgingival and supragingival niches have distinct ecologies and microbial community profiles, and 444 dysbiosis of these communities causes the two major oral diseases, dental caries and periodontitis 28 . The 
455
For this study, we used both 16S species-level and ISR strain-level sequencing approaches to compare 456 microbial profiles. Neither approach detected a difference between adoptive and biologic dyads, but our 457 findings illustrate the greater power of the ISR-based approach to distinguish microbial communities 458 (Figure 3) . For example, the level of strain sharing was quite low between random pairings, only 10 459 percent, while at the species level it was 41 percent (Figure 4) . Only the strain-level analysis consistently 460 able to detect differences between mother-child and random pairings.
462
Previous studies using relative abundance data and interclass correlation coefficient (ICC) and ACE 463 modeling in twins have suggested that some taxa might be more "heritable" than others, but the findings 464 have not been consistent across studies 19,20 . Strain-level resolution achieved in our study allowed us to 465 more directly address variation in heritability among species. We compared the frequency of strain 466 concordance between biological and adoptive parents and offspring for the most common species (figure 467 7). Depth of sequencing limited analysis to the 10 most abundant species. None of these showed 468 significantly different mother-child distances when comparing adoptive to biologic groups, indicating no 469 effect of host genetics for any species (Figure 7) .
471
The host is clearly active in shaping the composition of the oral microbiome, since fewer than a thousand 472 of the many bacterial species in the larger environment are capable of colonizing the human oral cavity.
473
Our findings suggest that these control mechanisms are universally shared among humans, since no effect 474 29 of genetic relatedness on fidelity of microbial transmission could be detected. Instead our findings point 475 towards contact and shared environment being the driving factors of microbial transmission, with a 476 unique combination of these factors ultimately shaping a highly personalized human oral microbiome.
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